In this work, we investigate numerically liquid metal stirring induced by rotating permanent magnets. We investigate the characteristic velocity dependence on the permanent magnet rotation rate and compare it to data from neutron radiography experiments. In addition to several recognized imperfections in the experimental results, we further improve the numerical model, investigating numerically the impact of using transient instead of timeaveraged force.
Introduction
Numerical modelling is a powerful tool for flow investigation, but requires experimental or theoretical validation. Typical experimental methods suitable for liquid metal flow measurement are Ultrasonic Doppler Velocimetry (UDV) and potential difference (Vives) probe, but those methods have very limited spatial resolution and melt temperature can also be an issue.
Recently, a new experimental method for liquid metal flow visualization has been reported -the dynamic neutron radiography [1] , which allows in-situ visualization of inclusion or tracer particle transport in liquid metal flows. However, the method is still at an early stage of development and a lot of work is necessary. We consider some results of this method in this work.
Numerical models usually have many simplifications to make it possible to obtain results in a reasonable time. Often the simplified models still give satisfactory results for many engineering applications. One simplification that is prevalent in the modelling of electromagnetic field driven flows is the use of time-average or steady induced force density for liquid metal flow simulation. For example, in [2] iterative force density -liquid metal shape coupling in induction crucible is performed and in every iteration force density is calculated as time-harmonic (steady), disregarding the force density changes during the alternating current period. In that work, the approach is valid, since the fluid domain shape changes are slower than the period of the alternating current. In the case of rotating permanent magnets, the frequency is relatively small, therefore the time-average or steady force approximation must be tested. In this work, we try to justify the time-average forcing approximation in modelling of liquid metal stirring induced by rotating permanent magnets.
Numerical model
The numerical model scheme is shown in Fig.1 with dimensions and other parameters in Tab.1. It consists of four cylindrical counter-rotating permanent magnets located along the shortest dimension of liquid gallium vessel and air all around. Free surface is fixed and k-ω SST turbulence model is used for simulation of turbulent flow. To account for slip effects (in other words, to solve the electromagnetic problem in the reference frame of fluid element) the coupling algorithm described in [3] is used. First, we calculate transient force density distribution in a static fluid, average it over one period of magnet rotation and use it as a momentum source in fluid flow simulation. Velocity field is averaged over 60 seconds and in the next coupling iteration is used in electromagnetic simulation. Usually after three coupling iterations a converged time-averaged force density distribution is obtained and it is used to perform final fluid flow simulations.
In this work, we also investigate the validity of using time-averaged force density for flow simulations. For this task, we perform simulation for one particular magnet rotation frequency with transient force density -force is calculated every time-step of flow simulation without any force averaging. For this case, no velocity slip effects are accounted for.
For cases with slip effect, we use Ansys Emag for electromagnetic part and OpenFoam for fluid flow part of the simulations. For the fully transient case with time-dependent force we use the EOF-Library [4] which is a coupler of Elmer and OpenFoam.
For electromagnetics, the mesh consists of about 200k elements, but for fluid dynamics -300k elements (only the melt region). In fluid simulations, the time-step was set to keep the Courant number below 1.5 (depending on magnet rotation speed, it ranged from 0.5 to 1 ms).
Experiment
In this work, we use data from the neutron radiography experiments conducted in 2015 at the Swiss Spallation Neutron Source SINQ, Paul Scherrer Institute in Villigen, Switzerland. The setup consisted of a rectangular 10x10x3cm liquid gallium vessel, four cylindrical permanent magnets and an electric motor to rotate them, and solid Gd2O3+glue+Pb particles with diameter 0.3±0.1 mm and density close to that of gallium to serve as contrast particles for the neutron beam. As the particles are small, they should not have any significant effect on the flow and should act only as flow tracers. For more details, see [1] .
The neutron beam entered the liquid gallium vessel parallel to the permanent magnet axes and transmitted beam was detected behind the vessel using special camera with a rate of 32 frames per second. As a result, solid particle shadow images were obtained and, after applying Particle Image Velocimetry (PIV) analysis, velocity field was obtained. 
Results
Results consist of two sections. In section 3.1. we analyse the characteristic velocity dependence on the permanent magnet rotation frequency. In section 3.2. we investigate differences in the results, if instead of time-averaged force density we use transient force density (updated every time-step of fluid flow simulation).
In Fig.2 . typical time-averaged force density and velocity magnitude distribution in the system is shown. Qualitatively, the distribution is almost the same with or without slip effects considered, the only difference is in the magnitude (considering slip effects, the force and velocity is lower). Experimental time-averaged velocity vectors are shown in Fig.3 . 
Characteristic velocity vs. frequency
Maximum time-averaged velocity in whole metal volume and separately in the symmetry plane (see Fig.1 ) as a function of magnet rotation frequency is shown in Fig.4 . We also include the results of cases in which velocity slip effects are ignored (force density is calculated and averaged over one period of magnet rotation only for static fluid) and data from neutron radiography experiments (maximum velocity in the whole system). Clearly, in this range of magnet rotation, characteristic velocity is a linear function of frequency. In wider range, maximum velocity in the system is proportional to the square-root of frequency.
Quantitatively, experimental data is in very poor agreement with the simulations. Several reasons for the disagreement are pointed out in [5] , which are mainly the difficulty of applying PIV analysis in regions of high tracer particle concentration (especially near walls where particles are entrained in the flow and where velocity is highest) and the fact that it is impossible to distinguish particles in different planes in the direction of neutron beam.
Interestingly, the velocity correlation between cases with and without slip effects is also linear, in this case with a factor of about 1.3.
Transient vs. time-averaged force
In previous simulations, we used time-averaged force density to simulate transient flow. As it is not physically perfectly valid, we consider a case with magnet rotation frequency 21.15 Hz using transient force density. An example of the time dependent force is shown in Fig.5 (at = 0 all permanent magnet magnetization vectors are upwards in Fig.1 Time development (magnets start rotating at = 0 ) of velocity near maximum at the wall (see Fig.2 right) is shown in Fig.6 and time-averaged (over 1 second) velocity vectors in Fig.7 . 
Conclusions
In this work, we continued our previous investigations of the permanent magnet stirrer, both by neutron radiography and numerical modelling. The characteristic velocity in the considered range of magnet rotation frequencies (21.15 to 35.2 Hz) shows linear dependence on the frequency. The neutron radiography results are still very different from the simulations (velocities are very low), which arise mostly from the difficulties of PIV analysis of tracer particles in regions of high particle concentration and indistinguishability of particles in different depths in the direction of the neutron beam. Further improvements of the neutron radiography method are planned for future. For the time being, we concentrated on development of the numerical model.
We have showed that velocity field is the same, whether we use time-averaged or transient forcing. Further model development will include investigation of turbulence variable dependence on the forcing type and assessment of possible effect of tracer particles on the liquid metal physical properties.
